ABSTRACr'. The ductus venosus allows highly oxygenated blood returning from the umbilical-placental circulation to bypass the liver, and is believed thereby to facilitate preferential distribution of this blood to the fetal brain and heart. To examine this hypothesis, we developed a model that allows acute obstruction of the ductus venosus in chronically catheterized fetal lambs. In seven fetal lambs, a Swann-Ganz catheter was inserted into the inferior vena cava and the balloon tip advanced into the ductus venosus. Control measurements were obtained 1-2 d after surgery, before and during inflation of the balloon in the ductus venosus. At each sample time, radioactive microspheres were injected to determine organ blood flow and the distribution of umbilical venous blood flow. During balloon inflation, the percentage of umbilical venous return passing through the ductus venosus was reduced from 38 2 15% to 1 f 0.5%. Umbilical-placental blood flow was unchanged from control values of 181 f 33 mL/min/kg. Total liver blood flow increased from 346 f 98 to 553 f 105 mL/min/ 100 g. Pressure in the inferior vena cava did not change, but umbilical venous pressure increased from 7.2 2 2.7 to 8.7 f 3.5 mm Hg. Total vascular resistance across the liver and ductus venosus increased from 0.013 ? 0.006 to 0.020 2 0.011 during ductus venosus obstruction. Fetal heart rate, arterial blood pressure, and descending aortic pH and blood gases were unchanged, as was oxygen content in the descending aorta and carotid artery. Organ blood flows, combined ventricular output, and oxygen delivery were also unchanged. In five animals, these studies were repeated during maternal hypoxemia. Similar changes in liver blood flow were observed. Organ blood flows and oxygen delivery were not altered by ductus venosus obstruction during hypoxemia. We conclude that obstruction of the ductus venosus has no effect on regional blood flow distribution or oxygen delivery in normoxemic or hypoxemic animals. Because the hepatic microcirculation has such a high compliance, the ductus venosus is not crucial in regulating umbilical venous return to the central fetal circulation. (Pediatr Res 29: 347-352, 1991) Up to 50% of the blood returning from the umbilical-placental circulation passes through the ductus venosus in the fetal lamb. The rest of the blood passes through the hepatic sinusoids and then drains into the inferior vena cava. Streaming patterns in the inferior vena cava and right atrium preferentially distribute the highly oxygenated blood that passes through the ductus venosus to the fetal brain and heart (1). During umbilical cord compression (2) and fetal hemorrhage (3), increasing proportions of the blood returning in the umbilical vein from the placenta pass through the ductus venosus. These observations have suggested that the ductus venosus facilitates the preferential distribution of highly oxygenated blood to the fetal brain and heart. However, the role of the ductus venosus is uncertain. The fetal foal, swine, and guinea pig lack a ductus venosus at term (4, 5). Previous studies in three late gestation, acutely exteriorized fetal lambs have suggested that ductus venosus constriction has no effect on carotid arterial O2 saturation or systemic blood pressure (6).
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However, the role of the ductus venosus is uncertain. The fetal foal, swine, and guinea pig lack a ductus venosus at term (4, 5) . Previous studies in three late gestation, acutely exteriorized fetal lambs have suggested that ductus venosus constriction has no effect on carotid arterial O2 saturation or systemic blood pressure (6) .
T o explore the role of the ductus venosus and to examine the hypothesis that the ductus venosus facilitates the preferential distribution of highly oxygenated blood to the fetal brain and heart, we developed a model that permits intermittent ductus venosus obstruction in chronically catheterized fetal lambs. Using this model, we examined the effect of acute ductus venosus obstruction on oxygen and blood flow distribution to fetal organs in normoxemic and hypoxemic fetal lambs. We also measured alterations in hepatic vascular resistance and blood flow during ductus venosus obstruction.
MATERIALS A N D METHODS
Animal preparation. Studies were approved by the Committee on Animal Research at the University of California, San Francisco. Seven fetal lambs, 129 k 3 d gestational age (term, 147 d) were fasted for 24 h before surgery. Epidural anesthesia was achieved in the ewe with 2 mL of 1 % tetracaine hydrochloride.
Ketamine was administered i.v. to the ewe (100 mg bolus every 10-1 5 min) and intramuscularly to the fetus (5 mg/kg estimated fetal weight before thoracotomy) for sedation. Local anesthesia with 0.25% lidocaine hydrochloride was used for all fetal incisions. The ewe received a continuous infusion of 10% dextrose in 0.9% NaCl throughout the surgical procedure.
Polyvinyl catheters were inserted into a maternal pedal artery and vein and advanced to the descending aorta and inferior vena cava, respectively. In the fetus, polyvinyl catheters were inserted into the descending aorta, inferior vena cava, and umbilical vein as described previously (7) . Briefly, a 3-to 4-cm incision was made in the uterine horn over a fetal hind limb, through which catheters were inserted into both fetal pedal arteries and veins
advanced 12-15 cm into one of the main umbilical veins. A second catheter was introduced 5-7 cm into the same vein for the injection of microspheres. An amniotic catheter was inserted, and the uterine incision was sutured.
The uterus was extracted further, and a second uterine incision was made over the right chest of the fetus and the right front leg was gently delivered through the incision. A catheter was inserted into the brachial artery and advanced into the brachiocephalic artery. The leg was returned into the uterus and the right chest of the fetus was exposed. The fetal lung was retracted through a right thoracotomy in the 8th intercostal space, exposing the inferior vena cava and diaphragm as described previously (8) . A purse-string suture was placed in the inferior vena cava 0.5 cm cephalad to the entry of the diaphragmatic vein. The vessel wall was punctured in the center of the purse-string and a 4 F SwannGanz catheter (American Edwards, Irvine, CA) was advanced 3.5 cm from the vessel wall into the ductus venosus. The catheter position was verified by comparing the oxygen saturation in the ductus venosus catheter with that in the umbilical vein. The fetal incision was sutured. Before closure of the uterine incision, lost amniotic fluid was replaced with warm 0.9% NaCl solution. All catheters were tunneled through the skin to the ewe's flank. Catheter positions were ultimately verified by postmortem examination.
After surgery, the ewes recovered for at least 24 h before studies were performed; they received a standard diet of alfalfa pellets. All vascular catheters were flushed daily with heparin solution (I mg/mL). Antibiotics (penicillin, 1 000 000 U, and kanamycin, 400 mg) were administered i.v. and instilled into the amniotic cavity daily.
Experimental protocol and measurements. Experiments were performed in seven animals 1 or 2 d after surgical preparation. Further time for recovery from surgery increased the risk of the Swann-Ganz catheter being dislodged from its location in the ductus venosus. The ewes stood quietly in study cages during the experiment. Fetal descending aortic, amniotic, inferior vena cava, and umbilical venous pressures were measured with carefully calibrated Statham P23Db pressure transducers. Pressures were recorded on a Beckman R6 12 direct writing recorder.
Control blood samples were withdrawn from the carotid artery, descending aorta, and umbilical vein for measurement of blood gases, pH, Hb concentration, and oxygen saturation. Blood gases and pH were measured using a Corning 175 Blood Gas Analyzer (Corning Glass Works Medfield, MA). Hb concentrations and oxygen saturation were measured photometrically in duplicate (Hemoximeter OSM 2, Radiometer, Copenhagen, Denmark).
Blood flow measurements were obtained using 15-pM radionuclide-labeled microspheres (9) . Approximately 2 million microspheres were injected into the peripheral umbilical vein and approximately 1 million into the inferior vena cava simultaneously. Different isotope labels were randomly selected from 51Cr, s4Mn, 57Co, 65Zn, 85Sr, "Nb, "'Sn, Il4In, and 15'Gd. Reference arterial blood samples were withdrawn from the carotid artery and descending aorta. The volume of blood withdrawn was replaced with fetal donor blood or, if this was not available, maternal blood.
The balloon tip of the Swann-Ganz catheter located in the ductus venosus was inflated with 0.5 mL of air. Blood samples and microsphere injections were repeated 10 min after balloon inflation. The balloon was deflated and the animal was allowed to recover for at least 1 h. Blood pressure, heart rate, pH and blood gases, and blood lactate all were unchanged from control values before continuing the study.
In five animals, fetal hypoxemia was then induced by administering a gas mixture containing 3.5-7% O2 and 2% C 0 2 in nitrogen to the ewe via a loosely fitting plastic bag placed over her head. Fetal descending aorta oxygen saturation was checked every 3-5 min and the gas mixture adjusted to achieve approximately a 50% reduction in percent O2 saturation. After a 15-min period of hypoxemia, blood samples and microsphere injections were repeated. The ewe was returned to room air and the animal was again allowed to recover for at least 1 h. As noted above, blood pressure, heart rate, pH and blood gases, and blood lactate all were unchanged from control values before continuing the study. Fetal hypoxemia was again induced and after 5 min the balloon tip of the Swann-Ganz catheter was inflated to obstruct the ductus venosus. Samples were obtained and microspheres injected 10 min after balloon inflation.
The ewes were killed with an overdose of sodium pentobarbital followed by an i.v. injection of 10 mL saturated KC1 solution. The uterus and individual fetal organs were dissected and weighed. All organs were placed in formalin, incinerated, and ground into a coarse powder for counting in a gamma scintillation counter. Using a multichannel (1024) pulse height analyzer (Norland, Fort Atkinson, WI), the activity of each isotope in each organ was determined using a least-square analysis method (10) .
Calculations. Upper and lower body organ blood flows were calculated from the inferior vena cava injection of microspheres and carotid artery or descending aorta reference samples, respectively, such that:
where Q = blood flow and cpm = counts per min of the injected isotope (9) . Blood flows are expressed as mL/min/I 00 g or mL/ min/kg fetal weight. Combined ventricular output was calculated by summing all the organ flows obtained from the inferior vena cava injectate and withdrawal volumes. Lung flow and potential superior vena cava flow across the foramen ovale were not accounted for, introducing a small error.
Previous studies have demonstrated (1 1) that the right lobe of the liver receives almost all of the portal venous blood and a contribution from the umbilical vein. The left lobe of the liver receives primarily umbilical venous blood. In the current studies, the hepatic artery contributed less than 3 + 2% of the total blood supplied to the right or left lobe. Therefore, we calculated liver and ductus venosus flows such that:
Qlcfi lobe = (c~m~eft lobe/~pmtotal fetus) X Qp~acenta Qright lobe = [(cpmright lob~/cpmtota~ fetus) X Qplacenta] + Qponal vein Qwna~ vein = Q G~ tract + Qsp~een Qductus venosus = [ 1 -(cpmlive,/c~mtota~ ictus)] X Qp~acenta where QPIacent, is calculated from the inferior vena cava injection as described above for calculations of lower body flows. Blood flows are expressed as mL/min/100 g organ tissue or mL/min/ kg fetal weight.
The above calculations require that microspheres injected into a peripheral branch of the umbilical vein mix adequately with umbilical venous blood before reaching the liver or ductus venosus. This assumption has been validated by two previous studies (1 1, 12) and has recently been reassessed in our laboratory by simultaneously injecting microspheres into the two main umbilical veins, one originating from the pregnant and the other from the nonpregnant horn of the uterus. Because the two main umbilical vessels join just beyond the umbilical ring to form the common umbilical vein, microspheres injected into a peripheral umbilical vein do not pass through a mixing chamber. Microspheres distributed to all other fetal organs pass through the heart, which acts as a mixing chamber. If mixing of microspheres in umbilical venous blood is inadequate, the coefficient of variation for ductus venosus and liver blood flows would be substantially higher than that for other organ blood flows. In fact, the coefticients of variation were not different for liver blood flows, ductus venous blood flows, and organ blood flows, which confirms that the distribution of microspheres injected into one umbilical vein represents the pattern of distribution of all the umbilical venous return (unpublished observation).
The vascular resistance (R) across the umbilicus-placenta was EFFECTS O F DUCTUS VENOSUS OBSTRUCTION 349 calculated from the mean pressure difference between the descending aorta and umbilical venous catheter divided by the blood flow to the umbilicus-placenta. Vascular resistance across the ductus venosus and liver was calculated from the mean pressure difference between the umbilical vein and inferior vena cava divided by the blood flow, requiring the assumption that the pressure measured in the umbilical vein reflects that at the hilum of the liver. Because all of blood returning from the umbilicus-placenta passes through the ductus venosus or passes through the hepatic sinusoids and then drains into the inferior vena cava, we calculated the combined vascular resistance of the liver and ductus venosus based on the assumption that these two resistance sites are in parallel such that: 
RESULTS
During the control period, 38 f 15% of the blood returning from the umbilical-placental circulation passed through the ductus venosus. After inflation of the balloon catheter, 1 k 0.5% of the umbilical venous return passed through the ductus venosus. Changes during hypoxemia and ductus venosus obstruction were similar to those observed in the nonhypoxemic animals (Fig. 1) . This observation confirms our ability to obstruct the ductus venosus.
During obstruction of the ductus venosus there was no change in pH, arterial blood gases, Hb, and percent saturation of Hb (Table 1) . Maternal hypoxemia caused reductions in pH and Hb saturation in the descending aorta and carotid artery as expected. The response to hypoxemia and ductus venosus obstruction was not different from hypoxemia alone. Before each intervention, blood pH, arterial blood gases, Hb, and percent saturation of Hb had returned to the initial control values.
Changes in heart rate and arterial and venous blood pressures are shown in Table 2 . During ductus venosus obstruction, there were not even transient changes in arterial pressure, heart rate, or pressure in the inferior vena cava. There was a small increase in umbilical venous pressure in all seven animals from a mean value of 7.2 + 2.7 to-8.7 + 3.5 mm Hg ( p < 0.01). Hypoxemia
100
increased umbilical venous pressure and decreased heart rate flow increased from 56 -t 16 to 104 +-28 mL/min/kg, accounting for the redistribution of all of the blood that passed through the ductus venosus before ductus venosus obstruction (Fig. 2) . Thirty-two and 68% of the blood that would have passed through the ductus venosus was diverted through the left and right liver, respectively. Because the left liver accounted for 36% of the total liver weight, there appeared to be no preferential distribution of diverted ductus venosus flow to the left liver lobe. Hypoxemia alone tended to decrease liver blood flow and slightly increase the percentage of blood passing through the ductus venosus. The changes in liver blood flow after ductus venosus obstruction in hypoxemic animals were similar to those observed in the nonhypoxemic animals.
Vascular resistance across the umbilicus placenta and across the liver did not change after ductus venosus obstruction ( Table  4 ). The combined resistance across the ductus venosus and liver increased from 0.013 -t 0.006 to 0.020 k 0.010 mm Hg.mL-I. DISCUSSION Our studies clearly demonstrate that preferential streaming of oxygen-rich blood to the brain and heart persists during obstruction of the ductus venosus in normoxemic and hypoxemic fetal lambs. Amoroso ez al. (6) attempted to constrict the ductus venosus in three acutely exteriorized fetal lambs and noted no change in carotid arterial oxygen saturation or in arterial blood pressure. However, the lack of documentation of ductus venosus occlusion makes the validity of these observations questionable.
In our studies, we carefully documented obstruction of the ductus venosus and performed the studies at least 24 h after of the umbilical venous return passes through the ductus venosus (3, 13, 14) . In these studies, only 38% of the umbilical venous return passed through the ductus venosus, indicating that the catheter placement in the lumen of the ductus venosus may have partially obstructed blood flow through the ductus venosus. However, placement of the ductus venosus catheter does not alter placental or hepatic blood flow or change umbilical venous pressure, inasmuch as these values were in the same range that we have previously observed in similarly instrumented animals without ductus venosus catheter placement (14) . In the fetal lamb, streaming patterns in the inferior vena cava preferentially distribute highly oxygenated blood derived from the ductus venosus and left hepatic vein through the foramen ovale to supply the fetal brain, heart, and upper body (1). Less oxygenated blood from the inferior and superior vena cava is directed through the tricuspid valve to the right ventricle and pulmonary artery, and then is shunted across the ductus arteriosus, supplying the lower body. The ductus venosus and left hepatic vein join and enter the inferior vena cava through a common orifice. The lower margin of this orifice is covered by a thin valve-like membrane that appears to direct blood derived from these vessels toward the foramen ovale and thus to the upper body (8) . Ductus venosus obstruction had no effect on the carotid artery oxygen content or regional organ oxygen delivery. Therefore, these streaming patterns must be maintained. After ductus venosus obstruction, the blood flow through the left liver, and therefore left hepatic vein, increases dramatically. The oxygen content of the blood in the left hepatic vein could also be expected to increase because hepatic uptake of oxygen will remain constant as flow is increased, thus hepatic O2 extraction will decrease (15) . Thus, the blood flow and O2 content of blood passing through the common orifice of the ductus venosus and left hepatic vein into the inferior vena cava may not change substantially. In addition, the distribution of blood returning to the heart via the superior vena cava would not be expected to change after ductus venosus obstruction. These factors could explain the maintenance of the oxygen gradient between the blood in the ascending versus descending aorta during obstruction of the ductus venosus.
The fetal pig provides an interesting comparison to the sheep. The late gestation fetal pig lacks a ductus venosus but instead has intrahepatic vascular channels of over 100 pm diameter in both lobes of the liver that allow umbilical venous return to bypass the hepatic sinusoids (16) . Carotid artery saturation consistently exceeds descending aorta saturations during normoxemia and hypoxemia as in the lamb (17) . This observation supports the view that the ductus venosus is not essential for the establishment of the streaming patterns in the inferior vena cava and right atrium that preferentially distribute highly oxygenated blood through the foramen ovale to the upper body.
Gilbert et al. (1 8) previously observed that the fetal sheep liver is extremely compliant, such that small changes in intrahepatic pressure lead to large changes in volume. Because the fetal liver contains 10-15% of the total blood volume, it is possible that alterations in the distribution of umbilical venous return regulate fetal hepatic volume. Increasing the quantity of blood shunted through the ductus venosus would decrease liver volume and increase fetal circulating blood volume. Stimuli that decrease fetal vascular volume, such as hemorrhage or umbilical cord compression, clearly have the greatest effect on the distribution of the umbilical venous return (2, 3) . The mechanism controlling this redistribution remains unclear.
Due to the diversion of blood from the ductus venosus to the liver microcirculation, hepatic blood flow increased dramatically during ductus venosus obstruction. Despite this increase in flow, there was only a small change in umbilical venous pressure and there was no significant change in hepatic resistance to umbilical venous flow. Thus, in the fetus it is likely that the hepatic resistance sites are extremely distensible, as noted in adult cats (19) . The site regulating resistance to venous flow in the fetal sheep liver is unclear. We confirmed our previous observations that fetal hepatic resistance to venous flow increases during hypoxemia (13) . However, this response was blunted after ductus venosus obstruction. Lautt et al. (20) proposed that the major site of portal vascular resistance is beyond the sinusoid-central vein junction in small hepatic veins. In adult cats and dogs, a sphincter-like action in these small veins was demonstrated in response to hepatic nerve stimulation and to the infusion of norepinephrine and angiotensin (21, 22) . It is possible that the increased liver blood flow after ductus venosus obstruction increases the cross-sectional diameter of similar small hepatic veins in fetal sheep, altering the magnitude of the resistance change during hypoxemia. Further studies will be required to determine if the intrahepatic sites of resistance to umbilical and portal venous blood flow in the fetal lamb are similar to those in the adult cat.
